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a  b  s  t  r  a  c  t
A major constituent of urban air pollution is diesel exhaust, a complex mixture of gases,
chemicals, and particles. Recent evidence suggests that exposure to air pollution can
increase the risk of a fatal stroke, cause cerebrovascular damage, and induce neuroin-
ﬂammation and oxidative stress that may trigger neurodegenerative diseases, such as
Parkinson’s disease. The speciﬁc aim of this study was to determine whether ultraﬁne diesel
exhaust particles (DEPs), the particle component of exhaust from diesel engines, can induce
oxidative stress and effect dopamine metabolism in PC-12 cells. After 24 h exposure to DEPs
of  200 nm or smaller, cell viability, ROS and nitric oxide (NO2) generation, and levels of
dopamine (DA) and its metabolites, (dihydroxyphenylacetic acid (DOPAC) and homovanillic
acid (HVA)), were evaluated. Results indicated cell viability was not signiﬁcantly changed by
DEP  exposure. However, ROS showed dramatic dose-dependent changes after DEP exposure
(2.4 fold increase compared to control at 200 g/mL). NO2 levels were also dose-dependently
increased after DEP exposure. Although not in a dose-dependent manner, upon DEP expo-
sure, intracellular DA levels were increased while DOPAC and HVA levels decreased whencompared to control. Results suggest that ultraﬁne DEPs lead to dopamine accumulation
in  the cytoplasm of PC-12 cells, possibly contributing to ROS formation. Further studies are
warranted to elucidate this mechanism.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CCAbbreviations: DEPs, diesel exhaust particles; DOPAC, dihydroxyphen
dopamine; HPLC, high performance liquid chromatography; PAHs, poly
∗ Corresponding author. Tel.: +82 43 261 2845; fax: +82 43 274 2965.
∗∗ Corresponding author. Tel.: +1 870 543 7123; fax: +1 870 543 7745.
E-mail addresses: ydkim@chungbuk.ac.kr (Y.-D. Kim), syed.ali@fda.
http://dx.doi.org/10.1016/j.etap.2014.03.008
1382-6689/© 2014 The Authors. Published by Elsevier B.V. This is an ope
org/licenses/by/3.0/).BY license (http://creativecommons.org/licenses/by/3.0/).ylacetic acid; HVA, homovanillic acid; PM, particulate matter; DA,
cyclic aromatic hydrocarbons.
hhs.gov (S.F. Ali).
n access article under the CC BY license (http://creativecommons.
p h a r
1
P
l
r
i
D
o
t
ﬁ
5
e
c
t
h
t
s
l
e
s
2
t
c
2
i
g
(
i
b
a
a
u
o
2
m
t
b
a
u
(
s
2
2
T
m
S
A
P
w
c
ce n v i r o n m e n t a l t o x i c o l o g y a n d 
.  Introduction
articulate matter (PM) is a main constituent of urban air pol-
ution and may be associated with increased prevalence of
espiratory disease and cardiovascular disease, related with
ncrease in death rate (Pope et al., 2002; Brook et al., 2004).
iesel exhaust particles (DEPs) consist of several hundreds
f organic and inorganic particulate and gases. According to
heir size, PM is divided into the following categories: ultra-
ne (<0.2 m),  ﬁne (<2.5 m),  and coarse (<10 m and > 2.5 m).
0–90% of PM is known to be ultraﬁne particles (Donaldson
t al., 2005; Araujo and Nel, 2009). Because these small parti-
les can remain suspended in ambient air for long periods of
ime and have the ability to be dispersed over large distances,
umans are widely exposed to ultraﬁne particles via inhala-
ion (Wallace et al., 2004). Additionally, because of their larger
urface area, the small particles are very reactive with the cel-
ular environment (Akimoto, 2003). Once inhaled, DEPs can
nter the circulatory system and accumulate in various tis-
ues, including the brain (Oberdörster et al., 2004; Elder et al.,
006). Recent studies reported that environmental air pollu-
ion containing DEPs may increase the risk of stroke and cause
erebrovascular damage (Brook et al., 2004; Kleinman et al.,
008; Hartz et al., 2008). In addition, DEP exposure is known to
nduce neuroinﬂammation and oxidative stress that may trig-
er neurodegenerative disorders such as Parkinson’s disease
Block et al., 2004).
Free radicals and oxidative stress damage macromolecules
n the body, with the brain being prone to oxidative stress
ecause of its high energy demands, low levels of antioxidants,
nd high cellular content of proteins and lipids (Noseworthy
nd Bray, 1998). Additionally, a recent report indicated that
ltraﬁne DEPs can damage dopaminergic neurons through
xidative stress in primary cultured neuronal cells (Block et al.,
004). Because of the link between the disruption of the dopa-
inergic system and the pathogenesis of Parkinson’s disease,
he effects of DEP exposure on dopaminergic cells needs to
e evaluated. This pilot study was performed in PC-12 cells,
 dopaminergic cell model system, to evaluate the effects of
ltraﬁne DEP exposure on intra-cellular levels of dopamine
DA) and its metabolites, and to elucidate the role of oxidative
tress in this process.
.  Materials  and  methods
.1.  Cell  culture
he PC-12 cell line, derived from Rattus norvegicus pheochro-
ocytoma, was obtained from American Type Tissue Culture.
erum was obtained from Atlanta Biologicals (Norcross, GA).
ll other cell culture supplies were obtained from Fisher.
C-12 cells were grown in RPMI-1640 media supplemented
ith 5% fetal bovine serum, 10% horse serum, and 1% peni-
illin/streptomycin at 5% CO2 and 37 ◦C. Upon 80% conﬂuence,
ells were treated with DEPs for 24 h. m a c o l o g y 3 7 ( 2 0 1 4 ) 954–959 955
2.2.  Exposure  protocol
US EPA C-DEPs (provided by Dr. M. Kleinman of University
of California at Irvine) working suspensions were prepared
according to Block et al. (2004). Brieﬂy, 2 mg  of DEPs were sus-
pended in 10 mL  PBS buffer, vortexed for 1 min, sonicated for
45 min  using an ultrasonicator, and ﬁltered through 0.22 m
ﬁlter. Upon 80% conﬂuence in 6-well or 96-well plates, PC-
12 cells were treated with 0–200 g/mL of ultraﬁne particles
suspended in serum free culture medium. After 24 h of incu-
bation, multiple toxicity end points were evaluated.
2.3.  Determination  of  DA  and  its  metabolites
Intracellular DA concentrations were quantiﬁed using a
previously described modiﬁed high performance liquid chro-
matography (HPLC) method combined with electrochemical
detection (Ali et al., 1994). Brieﬂy, after ultraﬁne DEPs treat-
ment for 24 h, cells were homogenized in 0.2 N perchloric
acid (20% wt/vol) containing an internal standard (3,4-
dihydroxybenzylamine; 100 ng/mL). The homogenates were
centrifuged at 4 ◦C (13,000 × g; 10 min), and 300 L of the
supernatant ﬁltered through a 0.45 m nylon centrifuge tube
ﬁlter (Costar). Aliquots of 25 L were injected directly into
the HPLC/electrochemical detection system for separation of
analytes. The amounts of DA, dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) were calculated using
standard curve. All samples were in triplicate. Data was
adjusted by protein concentrations.
2.4.  Dichloroﬂuorescein  assay  for  ROS
ROS generation was determined using the method described
by Wang and Joseph (1999). Cells were seeded in 96-well plates.
Upon conﬂuence, the cells were incubated with 200 M DCFH-
DA and different concentrations of DEP working suspensions
in the serum free medium at 5% CO2 and 37 ◦C for 24 h. After
incubation, the ﬂuorescence intensity was measured with a
Synergy MX plate reader with Gen5 software (Biotek Instru-
ments, Inc., Winooski, VT), with an excitation ﬁlter set at
485 nm and an emission ﬁlter set at 530 nm.  To control for
artifact ROS generation during DEP preparation procedures,
speciﬁcally sonication, ﬁnal levels of ROS after DEP  treatment
were standardized by subtracting background levels (ﬂuores-
cence/well of treatments without cells). Data are reported as
fold increase in ﬂuorescence intensity relative to the control.
2.5.  Griess  reaction  for  nitrite  concentration
Upon conﬂuence in 96-well plates, PC-12 cells were treated
with 0–200 g/mL of DEPs working suspensions for 24 h.
Nitrate levels were measured by adding 100 L of Griess
reagent (2% sulfanilamide and 0.1% N-[1-naphthyl]-
ethylenediamine dihydrochloride in 5% chloric acid) to
100 L of supernatant (Miranda et al., 2001). All measure-
ments were performed in triplicate. Nitrate concentration
was determined using standard curve prepared using known
nitrate concentration. Absorbance was measured at 540 nm,
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Fig. 1 – Changes in LDH levels after exposure to various
concentrations of DEPs (0–200 g/mL) for 24 h in PC-12 cells.
The data are expressed as percentage of control. Each
column represents the mean ± S.E.M (n = 8). Sodium
nitroprusside (SNP) was used as positive control. Mean
values in each group were  compared to one in control
group by Mann–Whitney U test. The signiﬁcant level was
0.013 by Bonferroni correction and IBM SPSS Statistics 20
for Windows was used for statistical analysis. No statistical
Fig. 2 – Changes in ROS levels in cell free system after
preparation of various concentrations of DEPs
(0–200 g/mL) by sonication for 45 min. The data are
expressed as percentage of control. Each column represents
the mean ± S.E.M (n = 3). Hydrogen peroxide (H2O2,
415, and 3219% of controls for 0.2, 2, 20, and 200 g/mL, respec-
tively (Fig. 4). These results indicate oxidative stress likely
plays a role in DEP toxicity.
Fig. 3 – Changes in ROS levels after exposure to various
concentrations of DEPs (0–200 g/mL) for 24 h in PC-12 cells.
The data are expressed as percentage of control. Each
column represents the mean ± S.E.M (n = 8). Sodium
nitroprusside (SNP) was used as positive control. Mean
values in each group were  compared to one in control
group by Mann–Whitney U test. The signiﬁcant level wassigniﬁcance was observed.
reference 620 nm,  with a Synergy MX  plate reader with Gen5
software (Biotek Instruments, Inc., Winooski, VT).
2.6.  Measurement  of  cytotoxicity  using  LDH  release
Cytotoxicity was determined using a commercial LDH kit
(Cytotoxicity Detection Kit plus, Roche). Product manual
instructions were explicitly followed. Brieﬂy, upon conﬂuence
in 96-well plates, PC-12 cells were exposed to different con-
centrations of DEPs in the serum free medium at 5% CO2 and
37 ◦C for 24 h. After incubation, 100 L of the supernatant was
combined with active LDH reagent. Absorbance was measured
at 492 nm,  reference 690 nm with a Synergy MX plate reader
with Gen5 software (Biotek Instruments, Inc., Winooski, VT).
Data are reported as fold increase in absorbance relative to the
control.
2.7.  Statistics
For statistical analysis, we performed Mann–Whitney U test to
compare means of each group with control group. The signif-
icant level was 0.013 by Bonferroni correction and IBM SPSS
Statistics 20 for Windows was used for statistical analysis.
3.  Results
To evaluate cytotoxicity by DEP exposure, we  measured LDH
level in the culture medium of PC-12 cells. The change of LDH
levels at doses 0.2, 2, 20, and 200 g/mL of DEPs was 120.1, 103.
4, 96.8, and 101.4% of control respectively; no changes were
statistically signiﬁcant. This suggests that PC-12 cell viability
was not impaired by DEPs exposure for 24 h at 0.2–200 g/mL
(Fig. 1).
The ROS and nitrate levels were measured to examine the
involvement of oxidative stress in ultraﬁne DEP toxicity. It100 g/mL) was used as positive control.
appeared that ultraﬁne DEPs increased generation of ROS in a
dose-dependent manner in PC-12 cells. To account for artifact
ROS generation during the preparation procedure, ROS levels
were measured in DEP treatments in media without cells. As
results, ROS levels at doses 0.2, 2, 20 and 200 was g/mL of
DEPs was 99.4, 100.1, 114.3, and 144.7% of control respectively
(Fig. 2). This background level was subtracted from cellular
ROS data. With 0.2, 2, 20 and 200 was g/mL of DEP  exposures,
dose dependent ROS levels were 121.2, 125.9, 205.6, and 244.1%
of control respectively (Fig. 3).
Exposure to over 20 g/mL of DEPs for 24 h also caused sig-
niﬁcant increases in the nitrate level in PC-12 cells (p < 0.01).
The increase in nitrate levels after DEP exposure was 133, 153,0.013 by Bonferroni correction and IBM SPSS Statistics 20
for Windows was used for statistical analysis. Statistical
signiﬁcance from control is indicated by asterisk.
e n v i r o n m e n t a l t o x i c o l o g y a n d p h a r
Fig. 4 – Changes in nitrate levels, as determined by Griess
reaction, after exposure to various concentrations of DEPs
(0–200 g/mL) for 24 h in PC-12 cells. The data are
expressed as percentage of control. Each column represents
the mean ± S.E.M (n = 8). Mean values in each group were
compared to one in control group by Mann–Whitney U test.
The signiﬁcant level was 0.013 by Bonferroni correction and
IBM SPSS Statistics 20 for Windows was used for statistical
analysis. Statistical signiﬁcance from control is indicated by
asterisk.
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role in motor control, arousal, cognition, and reward. The brain
has a delicate and precise mechanism to control DA con-
centration in axon terminals of dopaminergic neurons (YinIntracellular DA levels in PC-12 cells increased from 118
o 148% that of control after DEP exposure for 24 h. Although
ot in a dose-dependent manner, changes were statistically
igniﬁcant from control at 0.2 and 200 g/mL DEPs (Fig. 5).
ntracellular levels of the DA metabolites DOPAC and HVA dis-
layed a decreasing trend at 80–96% and 75–90% that of control
roup, respectively. These changes, however, were not statis-
ically signiﬁcant (Fig. 6).ig. 5 – Changes in intra-cellular DA levels after exposure to
arious concentrations of DEPs (0–200 g/mL) for 24 h. The
ata are expressed as percentage of control. Each column
epresents the mean ± S.E.M (n = 6). Methamphetamine
Meth), which is known to deplete intracellular DA, was
sed as positive control. Mean values in each group were
ompared to one in control group by Mann–Whitney U test.
he signiﬁcant level was 0.013 by Bonferroni correction and
BM SPSS Statistics 20 for Windows was used for statistical
nalysis. Statistical signiﬁcance from control is indicated by
sterisk. m a c o l o g y 3 7 ( 2 0 1 4 ) 954–959 957
4.  Discussion
There have been increasing reports that exposure to air
pollution can increase the risk fatal stroke, and induce
neuroinﬂammation and oxidative stress that may trigger neu-
rodegenerative disorders such as Alzheimer’s and Parkinson’s
diseases (Block et al., 2004; Brook et al., 2004; Kleinman et al.,
2008; Hartz et al., 2008). DEPs consist of ﬁne and ultraﬁne parti-
cles, which have large surface areas and absorb many  organic
and inorganic compounds. Among these compounds are var-
ious kinds of polycyclic aromatic hydrocarbons (PAHs), which
are toxic to humans (Burtscher and Schüepp, 2012). Levesque
et al. (2011) recently reported that proteins linked to preclinical
Alzheimer’s disease were affected after DEP exposure. A42
levels were increased in the frontal lobe of mice exposed to
992 g DEP/m3 and tau [pS199] levels were elevated at higher
DEP concentrations (992 and 311 g DEP/m3) in both the tem-
poral lobe and frontal lobes. In addition, -Synuclein levels
were elevated in the midbrain in response to 992 g DEP/m3
exposure, indicating that air pollution may be associated with
early Parkinson’s disease-like pathology. Oxidative stress is
known as an early and critical event in tissue exposed to diesel
exhaust (Block et al., 2004). Because oxidative stress plays an
important role in neurodegenerative disorders, DEPs expo-
sure has the potential to cause neurodegenerative disorders
such as Alzheimer’s disease and Parkinson’s disease. In the
present study, exposure to ultraﬁne DEPs induced oxidative
stress through generation of ROS and nitric oxide in PC-12
cells.
The neurotransmitter dopamine (DA) plays an importantFig. 6 – Changes in intracellular levels of DA metabolites,
DOPAC and HVA, after exposure to various concentrations
of DEPs (0–200 g/mL) for 24 h. The data are expressed as
percentage of control. Methamphetamine (Meth) was used
as positive control. Each column represents the
mean ± S.E.M (n = 6). Mean values in each group were
compared to one in control group by Mann–Whitney U test.
The signiﬁcant level was 0.013 by Bonferroni correction and
IBM SPSS Statistics 20 for Windows was used for statistical
analysis. No statistical difference from control was
observed.
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et al., 2008). There is evidence that DA metabolism is associ-
ated with generation of oxidative species (Gandhi et al., 2012).
Several important nervous system diseases are associated
with dysfunction of dopaminergic cells. Parkinson’s disease is
caused by loss of dopamine secreting neurons in the substan-
tia nigra. Alternatively, abnormally high amounts of DA can
result in hyperkinesias, altered behavior and delusions, which
are observed in schizophrenia (Cooper et al., 1986; Carfagno
et al., 2000). Therefore, it is possible that dopaminergic toxic-
ity may contribute to the development of neurodegenerative
disorders after DEP exposure. In this study, ultraﬁne DEP expo-
sure increased intracellular DA levels in a non-dose dependent
manner. The lack of dose-dependency is likely because dose-
dependency exists between the 20 – 200 g/mL range. Further
analysis of DA after DEP exposure in this range, or at higher
doses, would likely reveal dose dependency. Regardless, in
the present study intracellular DA levels at 0.2 and 20 g/mL
of DEPs were signiﬁcantly higher than control. DEP exposure
also showed an insigniﬁcant decreasing trend in the levels
of DOPAC and HVA. A signiﬁcant trend would likely be seen
with exposure to higher concentrations of DEPs and and/or
with an increase in sample size. Cumulatively, data suggest
that DEP exposure may interfere with dopamine metabolism,
thereby contributing to ROS formation. This is supported by a
recent study that benzo[a]pyrene, a component of DEPs, sup-
pressed DA turnover in the nucleus accumbens (Konstandi
et al., 2007). Konstandi et al. showed that maternally inhaled
diesel exhaust could inﬂuence the development of dopaminer-
gic cells, resulting in behavioral disorders. Block et al. (2004)
also reported that low levels of DEPs selectively damaged
DA neurons through the phagocytic activation of microglial
NADPH oxidase and oxidative insult in vitro. Together these
ﬁndings indicate that dopaminergic neurons are inﬂuenced
by DEP exposure and may be related to the development
of neurodegenerative disorders. In previous studies, DA has
been tightly linked to intracellular oxidant levels. Normal
catabolism of DA occurs, in part, through the actions of the
enzyme monoamine oxidase, and produces hydrogen perox-
ide (Maker et al., 1981). Besides this catabolic mechanism,
autoxidation of DA is another known source of ROS in cells
(Herlinger et al., 1995).
In conclusion, the present study showed that ultraﬁne DEPs
effected endogenous dopamine levels by interfering in DA
metabolism, leading to dopamine accumulation in the cyto-
plasm of PC-12 cells, which contributed to oxidative stress.
Further studies are warranted to elucidate this mechanism of
action and to explore the effects of DEPs in vivo.
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